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The Higgs-Dilaton cosmological model is able to describe simultaneously an inflationary expansion 
in the early Universe and a dark energy dominated stage responsible for the present day acceleration. 
It also leads to a non-trivial relation between the spectral tilt of scalar perturbations n s and the 
dark energy equation of state uj. We study the self-consistency of this model from an effective 
field theory point of view. Taking into account the influence of the dynamical background fields, 
we determine the effective cut-off of the theory, which turns out to be parametrically larger than 
all the relevant energy scales from inflation to the present epoch. We finally formulate the set of 
assumptions needed to estimate the amplitude of the quantum corrections in a systematic way and 
show that the connection between n 3 and u remains unaltered if these assumptions are satisfied. 



I. INTRODUCTION 



The shortcomings of the hot big bang model can be solved in an elegant way if we assume that the Universe 
underwent an inflationary period in its early stages. The easiest way for this paradigm to be realized is by a scalar 
field slowly rolling down towards the minimum of its potential [1] . 

As discussed in Ref. [2], inflation does not necessarily require the existence of a new degree of freedom. The role of 
the inflaton can be played by the Standard Model (SM) Higgs field with its mass lying in the interval where the SM 
can be considered a consistent effective field theory up to the inflationary scale. More precisely, if the Higgs boson 
is non-minimally coupled to gravity and the value of the corresponding coupling constant £/j is sufficiently large, the 
model is able to provide a successful inflationary period followed by a graceful exit to the standard hot Big Bang 
theory [5J [3] . The implications of this scenario have been extensively studied in the literature [5H2TJ] . Earlier studies 
of non-minimally coupled scalar fields in the context of inflation can be also found in Refs. [2"lTf2"5] . 

When the Higgs inflation model described above is rewritten in the so-called Einstein frame, where the gravity 
part takes the usual Einstein-Hilbert form, it becomes essentially non-polynomial and thus non-renormalizable, even 
if the gravity part is dropped off. Therefore, it should be understood as an effective field theory valid only up to a 
certain cut-off energy scale A. The usual criterion for determining the cut-off of the theory is based on the violation 
of tree level unitarity in high-energy scattering processes. As discussed in Refs. EJ 051 HZ] the tree-level scattering 
amplitudes above the electroweak vacuum appear to hit the perturbative unitarity bound at energies A ~ Mp/^. 
At that scale perturbation theory breaks down. Whether the theory enters into the non-perturbative strong-coupling 
regime or it requires an ultraviolet completion at higher energies is still an open question. Nevertheless, the Higgs 
inflation scenario is self-consistent. As shown in Ref. [24] (see also [25]), the proper cutoff of the theory depends on 
the dynamical expectation value of the Higgs field, which makes the theory weakly coupled for all the relevant energy 
scales in the evolution of the Universe. In other words, the SM with a large non-minimal coupling of the Higgs field 
to gravity represents a viable effective theory for the description of inflation, reheating, and the hot Big Bang theory. 

The Higgs inflation scenario can be easily incorporated into a larger framework, the Higgs-Dilaton model [26l [27] . 
The key element of this extension is scale-invariance (SI). No dimensional parameters such as masses are allowed 
to appear in the action. All the scales are instead induced by the spontaneous breaking of SI. This is achieved by 
the introduction of a new scalar degree of freedom -the dilaton-, which becomes the Goldstone boson of the broken 
symmetry and remains exactly massless. The coupling of the dilaton field to matter is weak and takes place only 
through derivative couplings, not contradicting therefore any 5th force experimental bounds |28j . 

Although the dilatation symmetry described above forbids the introduction of a cosmological constant term, the 
ever-present cosmological constant problem reappears associated to the fine-tuning of the dilaton self- interaction [26] . 
However, if the dilaton self-coupling j3 is chosen to be zero (or required to vanish due to some yet unknown reason), a 
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slight modification of general relativity (GR), known as Unimodular Gravity (UG), provides a dynamical dark energy 
(DE) stage in good agreement with observations. The scale-invariant UG gives rise to a "run-away" potential for 
the dilaton [33], which plays the role of a quintessence field. The strength of such a potential is determined by an 
integration constant that appears in the Einstein equations of motion due to the unimodular constraint g = — 1 on 
the metric determinant. The common origin of the inflationary and DE dominated stages in Higgs-Dilaton inflation 
allowed to derive extra bounds on the initial inflationary condition^ as well as potentially testable relations between 
the early and late Universe observables [2"Tj . 

Our purpose here is to study, following the approach of Ref. [23] , the self-consistency of the Higgs-Dilaton model 
by adopting an effective field theory point of view. We will estimate the field-dependent cut-offs associated to the 
different interactions among scalars fields, gravity, vector bosons and fermions. We will identify the lowest cut-off as 
a function of the background fields and show that its value is higher than the typical energy scales describing the 
Universe during its different epochs. The issue concerning quantum corrections generated by the loop expansion is 
also addressed. Since the model is non-renormalizable, an infinite number of counter-terms must be added in order to 
absorb the divergences. We will adopt a "minimal setup" that keeps intact the exact and approximative symmetries 
of the classical action and does not introduce any extra degrees of freedom. Within this approach, the relations 
connecting the inflationary and the dark energy domination periods hold even in the presence of quantum corrections. 

The structure of the paper is as follows. In Section |n] we briefly review the Higgs-Dilaton model. In Section HI we 
calculate the cut-off of the theory in the Jordan frame and compare it with the other relevant energy scales in the 
evolution of the Universe. In Section |TV] wc propose a "minimal setup" which removes all the divergences and discuss 
the sensitivity of the cosmological observables to radiative corrections. Section [V] contains the conclusions. 

II. HIGGS-DILATON COSMOLOGY 

We start by reviewing the main results of Refs. [5S][57], where the Higgs-Dilaton model was proposed and studied 
in detail. The two main ingredients of the theory are outlined below. The first one is the invariance of the SM action 
under global scale transformations, which leads to the absence of any dimensional parameters or scales. Denoting by 
Q(x) the field content of the theory in a metric g fllJ (x), these trasformations can be written a^j 

9nu(x) -> g^((Jx) , $(ac) -> a d *$(ax) , (2.1) 

with <7 d * the so-called scaling dimension and a an arbitrary constant. In order to achieve invariance under these 
transformations, we let the masses and dimensional couplings in the theory to be dynamically induced by a field. The 
simplest choice would be to use the SM Higgs, already present in the theory. Note however that this option is clearly 
incompatible with the experiment. As discussed in Refs. [2^] l29|. the excitations of the Higgs field in this case become 
massless and completely decoupled from the SM particles. 

The next simplest possibility is to introduce a new scalar singlet under the SM gauge group. We will refer to it as 
the dilaton \- The coupling between the new field and the SM particles, with the exception of the Higgs boson, is 
forbidden by quantum numbers. The corresponding Lagrangian is given by 

^ \{i x X 2 + ^v)R + ^M[x^]-\g^d ll xd,X-V{x^) , (2.2) 



where ip is the SM Higgs field doublet and £/, ~ 10 3 — 10 5 , £ x ~ 10~ 3 , are respectively the non- minimal couplings of 
the Higgs and dilaton fields to gravity [57]. The term Jz?sm[a->o] is the SM Lagrangian without the Higgs potential, 
which in the present scale-invariant theory becomes 

V{ x ^) = \^p^-^ x x 2 ) 2 +P X \ (2.3) 

with A the self-coupling of the Higgs field. 

In order for this theory to be phenomenologically viable, we demand the existence of a symmetry-breaking ground 
state with non- vanishing background expectation value for bottj^] the dilaton (x) and the Higgs field in the unitary 



1 The fine-tuning needed to reproduce the present dark energy abundance is transferred into the initial inflationary conditions for the 
fields at the beginning of inflation. 

2 For a theory invariant under all diffeomorphisms, this is equivalent to 

3 If x = the Higgs field is massless, and if h = there is no electroweak symmetry breaking. 



3 



gauge (h). This is given by 



h 2 = ~ x X 2 + ^R, with R=-^-f (2.4) 
A A A£ x + a£ h 



All the physical scales are proportional to the non-zero background value of the dilaton field. For instance, the SM 
Higgs mass is given by 

2 9 M 2 (1 + 6^ + 1(1 + 660 
m H = 2aM P , n , ufi t ^ + , (2-5) 

with Mp = £hh 2 + CxX 2 X 2 the effective Planck scale in the Jordan frame. The same happens with the effective 
cosmological constant 

A = -M 2 P R = ^ , (2.6) 

which depending on the value of the dilaton self-coupling /3, gives rise to a flat (j3 = 0), deSitter (/3 > 0) or anti-deSitter 
(/3 < 0) spacetime. It is important to notice however that physical observables, corresponding to dimensionless ratios 
between scales or masses, arc independent of the particular value of the background field \. In order to reproduce 
the ratio between the different energy scales, the parameters of the model must be properly fine-tuned. As shown in 
Eq. (2.5 1, the difference between the electroweak and the Planck scale is encoded in the param eteipl a ~ 10~ 35 <SC 1. 



Similarly, the hierarchy between the cosmological constant and the electroweak scale, cf. Eq. ( |2.6| 7 implies j3 <§C a. 
The smallness of these parameters, together with the tiny value of the non-minimal coupling £ x , gives rise to an 
approximate shift symmetry for the dilaton field at the classical level, \ ~ * X + const. As we will show in Section [TV] 
this fact will will have important consequences for the analysis of the quantum effects. 

The second ingredient of the Higgs-Dilaton cosmological model is the replacement of GR by Unimodular Gravity, 
which is just a particular case of the set of theories invariant under transverse diffeomorphisms (TDiff ). These theories 
gcncrically contain an extra scalar degree of freedom on top of the massless graviton (for a general discussion see for 
instance Ref. [30] and references therein). In UG the number of dynamical components of the metric is effectively 
reduced to the standard value by requiring the metric determinant g to take some fixed constant value, conventionally 
\g\ = 1. As shown in Ref. [2B], the equations of motion of a theory subject to that constraint 

&v G =&[g liV ,dg llv ,$>,d$\, (2.7) 

coincide with those obtained from a diffcomorphism invariant theory (Diff ) with modified action 

</j,iff =J?[ gixv ,d gfiU> $,d$]+A . (2.8) 



V~9 

Note that, from the point of view of UG, the parameter Ao is just a conserved quantity associated to the unimodular 
constraint and it should not be understood as a cosmological constant. 

Since the two formulations are completely equivalent we will stick to the Diff invariant language. Expressing the 
theory resulting from the combination of the above ideas in the unitary gauge ip T = (0, h/y/2) we get 

-4= = \(i x X 2 +£, h h 2 )R \{d X ) 2 \{dhf - U( X ,h) , (2.9) 

where the potential includes now the UG integration constant A 

U( X , h) = V( X , h) + A a =* (h 2 - jx 2 ) 2 + PX A + A . (2.10) 



The phenomenological consequences of Eq. (2.9) are more easily discussed in the Einstein frame. Let us then perform 
a conformal redefinition of the metric g^ v = TFg^ with conformal factor Q 2 = M p ~ 2 {£ yX x 2 +£,hh 2 ). Using the standard 
relations EH 



^ = Q- i v /g and R = Of [R + 6D In Q. - Sg^d^ In Qd v In fl , (2.11) 



4 Note that the alternative choice ;g> 1 is not compatible with CMB observations, cf. Eq. i ]2.24| and Fig[5] 

5 As usual, there are some subtleties related to the quantum formulation of (unimodular) gravity. However, these will not play any role 
in the further developments. The interested reader is referred to the discussion in Ref. I30| and references therein. 
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we get 



5^ M 2 1 _ 
V-9 2 2 



where 



U(x,h) 
ft 4 



Mp 



is the potential (2.101 in the new frame. The non-canonical kinetic term in Eq. (2.12) can be written as 



where the quantity 



v - <>- Y" 2 



(2.12) 



(2.13) 



(2.14) 



(2.15) 



can be interpreted as the metric in the two-dimensional field space ($ 1 , $ 2 ) = (x, h) in the Einstein-frame. Note that, 
unlike the simplest Higgs inflationary scenario [2 , Eq. (2.141 cannot be recast in canonical form by field redefinitions. 



In fact, the Gaussian curvature associated to (2.15) does not identically vanish unless ^ — £ x , which, as shown in 



Ref. [21] > is n °t consistent with observations. Nevertheless, it is possible to write the kinetic term in a quite simple 
diagonal form. As shown in Ref. |27| . the whole inflationary period takes place inside a field space domain in which 
the contribution of the integration constant Ao is completely negligible. We will refer to this domain as the "scale 
invaria nt re gion" and assume that it is maintained even when the radiative corrections are taken into account (cf. 
Section IV). In this case, the dilatational Noether's current in the slow-roll approximation, (1 + 6£ x )x 2 + (1 + 6£/j)/i 2 , 



is approximately conserved, which suggests the definition of the set of variables 



M P 
P = n log 



(l + 6g x )x 2 + (l + e^)/* 2 
Mp 



tan 9 = 




(2.16) 



The physical interpretation of these variables is straightforward. They are simply adequately rescaled polar variables 
in the (h, x) plane. Expressed in terms of p and 9, the kinetic term (2.14) turns out to be 



K 



1 + 6& 



1 



sin 



<j cos^ 



M 2 P C 



tan 2 



p s ua.x* y -r V 2 

C x cos 2 6>(tan 2 9 + 2 



with 



k 
0, 



and <; = 



(1 + 6&)£ x 



(l + 6f x )& 



(2.17) 



(2.18) 



The potential (2.13) is naturally divided into a scale-invariant part, depending only on the 9 field, and a scale-breaking 



part, proportional to A and depending on both 9 and p. These are respectively given by 



U{6) 



XMp 



sin 2 9 



s cos 2 9 



U Aa (p,8) = A 



1 + 6& 



-ApjMp 



(sin 9 + cos 2 



(2.19) 



where we have safely neglected the contribution of a and (3 in Eq. (2.13). Note that the non-minimal couplings of 



the fields to gravity with Ao > naturally generate a "run-away" potential for the physical dilaton, similar to those 
considered in the pioneering works on quintessence 



The inflationary period of the expansion of the Universe takes place for field values ^hh ^> £xX • From the 



definition of the angular variable 9 in Eq. (2.16), this corresponds tc|jtan 2 9 S> tj. In that limit, we can neglect the rj 
term in the kinetic term (2.17) and perform an extra field redefinition 



r = 7 1 p 



and 



Mr 



tanh 1 [Vl — scos9 ] 



(2.20) 



6 Strictly speaking, the condition tan 2 9 2> rj holds beyond the inflationary region ^^h 2 S> £xX 2 an d includes also the reheating stage. 



M P 

FIG. 1. Comparison between the Higgs-Dilaton inflationary potential (blue continuous line) obtained from (2.231 in the scale- 
invariant region and the corresponding one for the Higgs Inflation model (red dotted line). The amplitudes are normalized to 

the asymptotic value Uq = - ^ . 



where 



1 + 6& 



and a 



(2-21) 



The variable <fi' is periodic and defined in the compact interval 4>' G [— c/)q, 4>o], with 0o = Mp /a t anh 1 — <j ] the 
value of the field at the beginning of inflation. In terms of these variables the Lagrangian (2.12| takes a very simple 
forrrd 



X _ Ml k _ ^H/M p] (gr) , _ 1 _ _ 



with 



— \<f>'\. The potential (2.19) becomes 

u{4>) 



^2 { f^ )2 (1 -^osh 2 [a0/M P ]) 2 , U Aa {rA) = ^ 2 cosh 4 ^/^" 47 ^ 



(2.22) 



(2.23) 



whose scale-invariant part U((f>) resembles the potential of the simplest Higgs inflationary scenario 0, cf. Fig.[l) The 
analytical expressions for the amplitude and the spectral tilt of scalar perturbations at order 0(£ x , 1/&, 1/iV*) can 
be easily calculated to obtain [37J 



Asinh 2 [4£ x iV*] 



n.(*o)=il-8C x coth(4e x JV*) , 



(2.24) 



where TV* denotes the number of e-folds between the moment at which the pivot scale ko/ao — 0.002 Mpc -1 exited 
the horizon and the end of inflation. Note that for 1 < 4£ X 7V* <C 4iV*, the expression for the tilt simplifies and 
becomes linear in £ x 



n s (k ) ~ 1 - 



(2.25) 



7 Note that the definition of the angular variable <j> used in this work is slightly different from that appearing in Ref. |27j . The new 
parametrization makes explicit the symmetry of the potential and shifts its minimum to make it coincide with that in Higgs-inflation. 



() 



An interesting cosmological phenomenology arises with the peculiar choic^J/3 = 0. In this case, the DE dominated 
period in the late Universe depends only on the dilaton field p, which give rise to an intriguing relation between the 
inflationary and DE domination periods. Let us start by noticing that around the minimum of the potential the 



value of 9 is very close to zero. In that limit, tan 9 -C r], which prevents the use of the field redefinition (2.20). The 



appropriate redefinitions needed to diagonalize the kinetic term (2.17) in this case turn out to be 



7 V 



and 



M P 



(2.26) 



Using Eqs. (2.17) and (2.19) it is straightforward to show that the part of the theory associated to the Higgs field <j. 
simplifies to the SM one. The resulting scale-invariance breaking potential for the dilaton is still of the "run-away" 
type 



^A (r) 



Ao 

I 2 



< _2 e -4 7 r/Af P 



(2.27) 



making it suitable for playing the role of quintessence. Let us assume that J7a is negligible during the radiation 
and matter dominated stages but responsible for the present accelerated expansion of the Universe. In that case, it 
is possible to write the following relation between the equation of state parameter uj r of the r field and its relative 
abundance f2 r [35] 



1 



I67 2 



1 



1 



2 v^ -1 J l0g wn; 



For the present DE density f^DE = £l r — 0.74, the above expression yields 



1 + W D E 



3 1 + 6& 



(2.28) 



(2.29) 



Comparing Eqs. (2.251 and (2.29 



proportional to the deviation of t 



it follows that the deviation of the scalar tilt n s from the scale-invariant one is 
le DE equation of state from a cosmological constant]^] 27J 

-3(1 + cj de ), for J^-. < 1 + cj de < 1 . (2.30) 



1 



The above condition is a non-trivial prediction of Higgs-Dilaton cosmology, relating two a priori completely indepen- 
dent periods in the history of the Universe. This has interesting consequences from an observational point of viewPj 
and makes the Higgs-Dilaton scenario rather unique. We will be back to this point in Section IV where we will 
show that the consistency relation (2.30) still holds even in the presence of quantum corrections computed within the 
"minimal setup" . 



III. THE DYNAMICAL CUT-OFF SCALE 



Following Ref. [53], we now turn to the determination of the energy domain where the Higgs-Dilaton model can 
be considered as a predictive effective field theory. This domain is bounded from above by the field-dependent cut- 
off A($), i.e. the energy where perturbative tree- level unitarity is violated [37] . At energies above that scale, the 
theory becomes strongly-coupled and the standard perturbative methods fail. In order to determine this (background 
dependent) energy scale, two related methods, listed below, can be used. 

1. Expand the generic fields of the theory around their background values 

*(x,t) = * + J$(x,t) , (3.1) 



Some arguments in favour of the /3 = case can be found in Ref. [271 1301 135) . 

Outside this region of parameter space, the relation connecting n a to wfje is somehow more complicated 

6jV*(l+aj DE r 
4-9(1 +£J DE ). 

Similar consistency relations relating the rate of change of the equation of state parameter w(a) = wq + w a (l — a) with the logarithmic 
running of the scalar tilt can be also derived, cf. Ref. |27| . The practical relevance of those consistence conditions is however much more 
limited than that of Eq. l|2.30[l, given the small value of the running of the scalar tilt in Higgs-driven scenarios. 



12(1 + wr, B ) 

coth 

1-9(1+W D E 
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such that all kind of higher-dimensional non-renormalizable operators 

C "[A($)]«- 4 ' 



(3.2) 



with c n ~ C(l) appear in the resulting action. These operators are suppressed by appropriate powers of the 
field-dependent coefficient A($), which can be identified as the cut-off of the theory. This procedure gives us 
only a lower estimate of the cut-off, since it does not take into account the possible cancelations that might 
occur between the different scattering diagrams. 

2. Calculate at which energy each of the N-particle scattering amplitudes hit the unitarity bound. The cut-off will 
then be the lowest of these scales. 

In what follows we will apply these two methods to determine the effective cut-off of the theory. We will start by 
applying the method 1) to compute the cut-off associated with the gravitational and scalar interactions. The cut-off 
associated to the gauge and fermionic sectors will be obtained via the method 2). 



A. Cut-off in the scalar-gravity sector 



We choose to work in the original Jordan frame where the Higgs and dilaton fields are non-minimally coupled to 
gravity. Expanding these fields around a static background/^"! 

9nv = <W + S 9nv > X = X + $X, h = h + Sh, (3.3) 
we obtain the following kinetic term for the quadratic Lagrangian of the gravity and scalar sectors 



^ G+S = Chk2 (Sg^DSg^ - ■li) l .*,r» l, *<l l , l . - ■10„»<ri) ll t,i-t,il *,,) 

>x) 2 -~( 

The leading higher-order non-renormalizable operators obtained in this way are given by 

t x (S X ) 2 aSg, USh) 2 DSg. (3.5) 

Note that these operators are written in terms of quantum excitations with non-diagonal kinetic terms. In order 
to properly identify the cut-off of the theory, we should determine the normal modes that diagonalize the quadratic 
Lagrangian (3.4). After doing that, and using the equations of motion to eliminate artificial degrees of freedom, we find 
that the metric perturbations depend on the scalar fields perturbations, a fact that is implicit in the Lagrangian (3.4 1. 
The gravitational part of the above action can be recast into canonical form in terms of a new metric perturbation 
Sg^u given by 

[(£xX 2 + Hhh 2 )5 9flv + 2g^ xX S X + th'hSh)] . (3.6) 



(3.4) 



i x X 2 +ihh 2 



The cut-off scale associated to purely gravitational interactions becomes in this way the effective Planck scale in the 
Jordan frame 

tip = £xX 2 +tihh 2 . (3.7) 

The remaining non-diagonal kinetic term for the scalar perturbations (<5<I >1 , <5$ 2 ) = (5 X , Sh) is given in compact matrix 
notation by 

JT 2 S = —Rijd^d^S^ , (3.8) 



Note that, in comparison with the analysis performed in Ref. 20 for generalized Higgs inflationary models, both the dilaton and the 
Higgs field acquire a non-zero background expectation value, cf. Section [IT] As we will see below, this will give rise to a much richer 
cutoff structure. 
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where k/- = Q 2 kE is the Jordan frame analogue of Eq. (2.15) and depends only on the background values of the fields, 



1 



C X X 2 + thh 2 



£xX 2 (l + 6£ x )_+a/i 2 



(3.9) 



In order to diagonalize the above expression we make use of the following set of variables 

S\ = 
Sh = 



/ exx 2 (i+6g x )+aft i (i+6&) 



1 



(3.10) 



e x x 2 +e h h 2 



-£hhSx + € x x8h) 



Note here that this is precisely the change of variables (up to an appropriate rescaling with the conformal factor f2) 
needed to diagonalize the kinetic terms for the scalar perturbations in the Einstein frame. To sec this, it is enough to 
start from Eq. (2.14) and expand the fields around their background values <fr l — > $ l + <5$*. Keeping the terms with 



the lowest power in the excitations, K = nfjd^S^d^S^ + 0(<5<I> 3 ), it is straightforward to show that the previous 
expression can be diagonalized in terms of 

s x = n- 
sh = fr 1 



i e x x 2 (i + 6£ x ) + qfr 2 (i + 6fr0 . - 



e x x 2 +e h h 2 



(3.11) 



Written in terms of the canonically normalized variables (3.6) and (3.10) these operators read 

1 



A idh) 2 DSg, ±-(5x) 2 n6g 



1 



(5x)(Sh)nSg , 



where the different cut-off scales are given by 

Ai = 



e x x 2 + &h 2 



A 2 = 



A, 



H x tih^ x X 2 + tkh 2 

(e x X 2 + a~h 2 m x X 2 (l + 6C X ) + ^h 2 {l + 6&)) 



{e x x 2 +e h h 2 )^ x x 2 +£, h h 2 
(.e x x 2 + e h h 2 m x x 2 (i + 6c x ) + c^ 2 (i + <%h)) 



Z x xthh\Zh-t, x \\t x X 2 +t h h 2 



(3.12) 

(3.13) 
(3.14) 
(3.15) 



The effective cut-off of the scalar theory at a given value of the background fields will be the lowest of the previous 
scales. We will be back to this point in Section [III C| 



B. Cut-off in the gauge and fermionic sectors 

Let us now move to the cut-off associated with the gauge sector. Since we are working in the unitary gauge for the 
SM fields, it is sufficient to look at the tree-level scattering of non-abelian vector fields with longitudinal polarization. 
It is well known that in the SM the "good" high energy behaviour of these processes is the result of cancellations 
that occur when we take into account the interactions of the gauge bosons with the excitations Sh of the Higgs field^ 2 

nana. 



12 In the absence of the Higgs field, the scattering amplitudes grow as the square of the center-of-mass energy, due to the momenta 
dependence of the longitudinal vectors ~ g^/m^. 
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In our case, even though purely gauge interactions remain unchanged, the graphs involving the Higgs field excitations 
are modified due to the non-canonical kinetic term. This changes the pattern of the cancellations that occur in the 
standard Higgs mechanism, altering therefore the asymptotic behaviour of these processes. As a result, the energy 
scale where this part of the theory becomes strongly coupled becomes lower. 

To illustrate how this happens, let us consider the WzWl WlWl scattering in the s— channel. The relevant 
part of the Lagrangian is 

gm w W+W->*5h, (3.16) 



where mw ~ gh. After diagonalizing the kinetic term for the scalar fields with the change of variables (3.10), the 
above expression becomes 

g'mwW+W-^Sh + g"m w W+W~>*6x , (3.17) 
where the effective coupling constants g' and g" are given by 



9 \l®? + <afr ' 9 9 y^x 2 + W V ^ + 6 ^ + ^{i + 6&) ■ 

From the requirement of tree unitarity of the S-matrix, it is straightforward to show that the scattering amplitude 
of this interaction hits the perturbative unitarity bound at energies 



A G * ^xX 2 (l + 6C x ) 6 y^ 2 (l + 660 (3 ig) 

It is interesting to compare the previous expression with the results for the gauge cutoff of the simplest Higgs 
inflationary model [24] . In order to do that, let us consider two limiting cases: the inflationary /high-energy period 
corresponding to field values £ x x 2 <C £fc/i 2 and the low-energy regime at which £ x x 2 ^ £hh 2 ■ In these two cases, the 
above expression simplifies to 

( h for £ X X 2 « £ h h 2 , 

in agreement with the Higgs inflation model. 

To identify the cut-off of the fermionic part of the Higgs-Dilaton model, we consider the chirality non-conserving 
process // — > W^W^. This interaction receives contributions from diagrams with 7 and Z exchange (s— channel) and 
from a diagram with fermion exchange (t— channel). In the asymptotic high-energy limit, the total amplitude of these 
graphs grows linearly with the energy at the center of mass. Once again, the s— channel diagram including the Higgs 
excitations unitarizes the associated amplitude 40-42 . Following therefore the same steps as in the calculation of 
the gauge cut-off, we find that this part of the theory enters into the strong-coupling regime at energies 

6e h h 



where y is the Yukawa coupling constant. The above cut-off is higher than that of the SM gauge interactions (3.19) 
during the whole evolution of the Universe. 



C. Comparison with the energy scales in the early and late Universe 



In this section we compare the cut-offs found above with the characteristic energy scales in the different periods 
during the evolution of the Universe. If the typical momenta involved in the different processes are sufficiently small, 
the theory will remain in the weak coupling limit, making the Higgs-Dilaton scenario self-consistent. 

Let us start by considering the inflationary period, characterized by £hh 2 » £ X X 2 - As shown in Fig. m the lowest 
cut-off in this region is the one associated with the gauge interactions Aq- The typical momenta of the scalar 
perturbations produced during inflation are of the order of the Hubble parameter at that time. This quantity can 
be easily estimated in the Einstein frame, where it is basically determined by the energy stored in the inflationary 

y/XMp/^h- When transformed to the Jordan frame (H 



potential (2.23). We obtain H 



flH) this quantity becomes 
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FIG. 2. Dependence of the different cut-off scales for a fixed value of the dilaton field \ as a function of the Higgs field h in 
the Jordan frame. The cut-off ( |3.15| l is parametrically above the other energy scales (Ai, A2, Ap, Ag and Ap) during the 
whole history and it is therefore not included in the figure. The effective field theory description of scalar fields is applicable 
for typical energies below the thick blue solid line, which correspond to the minimum of the scalar cut-off scales at a given 
field value. This is given by A2 and Ai in the scalar sector, for large and small Higgs values respectively. The red solid line 
correspond to the gravitational cut-off (3.7 1, while the red dashed one corresponds to the gauge cut-off (3.191. They coincide 
with the effective scalar sector cut-off for large and small Higgs values respectively. The scale Mo is defined as Mo = an d 
corresponds to the value of the effective Planck mass at low energies. 



H ~ yj-^h, which is significantly below the cut-off scale Aq in that region. The same conclusion is obtained for the 

total energy density, which turns out to be much smaller than Aq. Moreover, the cut-off Aq exceeds the masses of 
all particles in the Higgs background, allowing a self-consistent estimate of radiative corrections (cf. Section IV I. 

After the end of inflation, the field <p starts to oscillate around the minimum of the potential with a decreasing 
amplitude, due to the expansion of the Universe and particle production. This amplitude varies between MrJ^/^h 
and A/o/£/j, where Mq = ^Jt^ c x is the asymptotic Planck scale in the low energy regime. As shown in Fig. 1 the 
curvature of the Higgs-Dilaton potential around the minimum coincides (up to C(£ x ) corrections) with that 01 the 
Higgs-inflation scenario. All the relevant physical scales, including the effective gauge and fermion masses, agree, 
up to small corrections, with those in Higgs-inflation 43 . This allows us to directly apply the results of [3J |U H3] 
to the Higgs-Dilaton scenario. According to these works, the typical momenta of the gauge bosons produced at the 
minimum of the potential in the Einstein frame is of order k ~ (rriA/M) 2 / 3 M, with wia the mass of the gauge bosons 
in the Einstein frame and M = \J A/3Afp/£/j the curvature of the potential around the minimum. After transforming 

/ A 4\l/6 

to the Jordan frame we obtain k ~ I J Aq, with g the weak coupling constant. The typical momentum of the 
created gauge bosons is therefore parametrically below the gauge cut-off scale (3.20) in that region. 

At the end of the reheating period, £ x x 2 ^ £,hh 2 , the system settles down to the minimum of the potential U(<fi), 
cf. Eq. (2.23). In that region the effective Planck mass coincides with the value Mq. The cut-off scale bec ome s 
Ai ~ — Mp/£,h- This value is much higher than the electroweak scale m 2 H ~ 2a/£ x Mp (cf. Eq. (2.5)) 

where all the physical processes take place. We conclude therefore that perturbative unitarity is maintained for all 
the relevant processes during the whole evolution of the Universe. 



IV. QUANTUM CORRECTIONS 



In this section we concentrate on the radiative corrections to the inflationary potential and on their influence on 
the predictions of the model. 
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Our strategy is as follows. We regularize the quantum theory in such a way that all multi-loop diagrams are 
finite, whereas the exact symmetries of the classical action (gauge, diffeomorphisms and scale invariance) remain 
intact. Moreover, we will require the regularization to respect the approximate shift symmetry of the dilaton field 
in the Jordan frame, cf. Section [n] Then we add to the classical action ( |2.9[ ) an infinite number of counter-terms 
(including the finite parts as well) which remove all the divergences from the theory and do not spoil the exact and 
approximate symmetries of the classical action. Since the theory is not renormalizable, these counter-terms will have 
a different structure from that of the classical action. In particular, terms that are non-analytic with respect to the 
Higgs and dilaton fields will appear [45j . They can be considered as higher-dimensional operators, suppressed by the 
field-dependent cut-offs. For consistency with the analysis made earlier in this work, we demand these cut-offs to 
exceed those found in Section ITTT1 

An example of the subtraction procedure which satisfies all the requirements formulated above has been constructed 
in Ref. [35] (see also earlier discussion in [IS]). It is based on dimensional regularization in which the 't Hooft-Veltman 
normalization point fi is replaced by some combination of the scalar fields with an appropriate dimension, /i 2 — > F(x> h) 
(we underline that we use the Jordan frame here for all definitions). The infinite part of the counter-terms is defined 
as in MS prescription, i.e. by subtracting the pole terms in e, where the dimensionality of space-time is D = 4 — 2e. 
The finite part of the counter-terms has the same operator structure as the infinite part, including the parametric 
dependence on the coupling constants. The requirement of the structure of higher-dimensional operators, formulated 
in the previous paragraph, puts an important constraint on the choice of the function F(x, h), as it is this combination 
that appears in the denominator of the counter-terms [351 145] . The simplest and most natural choice is to identify 



the normalization point in the Jordan frame with the gravitational cut-off (3.7), [x\ oc £ x x 2 + £,hh 2 , which corresponds 
to the scale-invariant prescription of Ref. [35]. In the Einstein frame the previous choice becomes standard (field- 
independent) 

jfiocMj,. (4.1) 

A second possibility is to choose the scale-invariant direction along the dilaton field, i.e. /xfj oc £ x x 2 - When trans- 
formed to the Einstein frame it becomes 

which coincide with the prescription II of Ref. [TU] at the end of inflation. 

In what follows we will use this "minimal setup" for the analysis of the radiative corrections. It will be more 
convenient to work in the Einstein frame, where the coupling to gravity is minimal and all non-linearities are moved 
to the matter sector. The total action in the Einstein frame naturally divides into an Einstein-Hilbcrt part (EH), a 
purely scalar piece involving only the Higgs and dilaton fields (HD) and a part corresponding to the chiral SM without 
the radial mode of the Higgs boson (CH) [TU1|47HI5] 

S = S EH + Shd + S CH ■ (4-3) 

In the next section we estimate the contribution of the scalar sector to the effective inflationary potential, postponing 
the study of the chiral SM to Section [lVB[ All the computations will be performed in flat spacetime, since the inclusion 
of gravity does not modify the resultsj^j 

A. Scalar contribution to the effective inflationary potential 

Let us start by reminding that the initial value of the dilaton field has to be sufficiently large to keep its present 
contribution to DE at the appropriate observational level [27]. The latter fact allows us to neglect the exponentially 



suppressed contributions to the effective action stemming from U\ a in Eq. ( 2.23 ) . As a result, the remaining corrections 
due to the dilaton field will emerge from its non-canonical kinetic term, whereas all the radiative corrections due to 
the Higgs field will emerge from the inflationary potential. 

The construction of the effective action for the scalar sector of the theory is most easily done in the following way: 



expand the action (2.22) near the constant background of the dilaton and the Higgs fields and drop the linear terms 
in perturbations. After that, compute all the vacuum diagrams to account for the potential-type corrections and all 
the diagrams with external legs to account for the kinetic-type corrections. 



We recall that, in the Einstein frame, the coupling among SM particles and gravity is minimal. 
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Dilaton contribution 



Let us consider first the quantum corrections to the dilaton itself. Since our subtraction procedure respects the 
symmetries of the classical action (in particular scale invariance, corresponding to the shift symmetry of the dilaton 
field r in the Einstein frame), no potential terms for the dilaton can be generated. Thus, the loop expansion can 
only create two types of contributions, both stemming from its kinetic term. The first type are corrections to the 
propagator of the field, and as we will show below they are effectively controlled by (mu /Mp) 2k , with m 2 H = —U"(<p) 
and k the number of loops under consideration. The second type are operators with more derivatives of the field 
suppressed by appropriate powers of the scalar cut-off Mp. One should bear in mind that the appearance of these 
operators in the effective action is expected and consistent. As discussed in the previous section, their presence does 
not affect the dynamics of the model, since the scalar cut-off is much larger than the characteristic momenta of the 
particles involved in all physical processes throughout the whole history of the Universe. 

To demonstrate explicitly what we described above, let us consider some of the associated diagrams. Following 
the ideas of Ref. |35j . we perform the computations in dimensional regularization in D = 4 — 2e dimensions. We 
avoid therefore the use of other regularizations schemes, such as cut-off regularization, where the scale invariance of 
the theory is badly broken at tree levef*^] The magnitude of the corrections in dimensional regularization is of the 
order of the masses of the particles running in the loops, or in the case of the massless dilaton, its momentum. The 
structure of the corrections can be therefore guessed by simple power-counting and it becomes apparent already at 
the one-loop order. We get 



..0- 



M P 



(dr) 



= 4 2 M 



M f 



(dr) 



where the Higgs and dilaton fields are represented by solid and dashed lines respectively. To keep the expressions 
as compact as possible we set 1/e = 1/e — 7 + log47r and denoted by / and /' the finite parts of the diagrams, 
whose values depend on the normalization point fj,. The higher-derivative operator in the second diagram is included 
for completion, but turns out to vanish accidentally in this particular case. Numerical factors are absorbed into 



the background-dependent coefficients c k * v (</)), which depend on the particular diagram di under consideration, the 
number of loops k and the number of vertices^] V . Their values are always smaller than unity, and vary slightly with 
the background value <p. Their specific form of is presented in the Appendix. 

In two-loops the situation is somehow similar. The divergent (and finite) part of the corrections (consider for 
example the diagrams presented in Fig. [3| is proportional to 



-2,v 



(0) 



M P 



( mH 
\Mp 



d 
Mp~ 



d 
Mp 



V < 4 



(4.4) 



It is not difficult to convince oneself that this happens in the higher order diagrams as well. The structure of the 
corrections is therefore proportional to 



-k.y 



( mH 

\M P 



2 k 



M P 



2k-2 



d 
Mp 



M P 



d 
~Mp~ 



2k-2 



d 
Alp 



2k 



(dr) 2 



(4.5) 



up to O(l) numerical factors. Notice that some operators involving higher derivatives were already present at lower 
orders, but they reappear with extra suppression factors (run /Mp) 2 on top of the scalar cut-off Mp , The corrections 
from diagrams with gauge bosons and fermions running inside the loops are given also by (4.5), by consistently 
replacing mu by the mass of the particle considered. 



14 Similar arguments about the artifacts created by regularization methods that explicitly break scale invariance can be found for instance 
in Ref. g9]. 

15 We introduce the index di to distinguish between the diagrams with the same number of vertices but different combinations of hyperbolic 
functions that appear in higher loops. 
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FIG. 3. Some of the two-loop diagrams for the dilaton. 



2. Higgs contribution 



We now turn to the corrections to the Higgs field. Once again we consider first the potential-type contributions. 
The situation now is more complicated, since the effective potential for the Higgs field <j> will be modified by terms 



stemming from the scale-invariant part of the tree-level potential (2.23) as well as from the non-canonical kinetic term 
of the dilaton field r, with the latter starting from the second order in perturbation theory. 

Let us start by considering the contributions due to the tree-level potential. To keep the notation as simple as 
possible, we express the scale-invariant part of the potential (2.23) in the following compact form 



U{4>) = U I u + ^2 u n cosh[2na(j)/Mp] 



U = 



Mp 



where, for completion, we have explicitely recovered the a and (3 dependence and defined 



u 



c 2 — CO 



3a 2 



3/3' 



a 
~2 



cer — 2/3' , U2 = 



2 



with 



1 



a 1 + 6& 



cr = q- 



a 1 + 6& 



A 1 + 6£ x ' A 1 + 6£ x 

Expanding the field around its background value (f>, we get 

cos ' Znaoc 



(3' 



(3 A + 



A + 



\U{4> + 5<t>) = At/ Un 



n=l 1=0 

2 oo 

n=l 1=0 



c n ^i cosh[2na4>/Mf 



M P 
aScf) 



21 



d n} i sinh[2na</>/Aff 



aS(f> 
Mp 



21 + 1 



(4.6) 



(4.7) 



(4.8) 



(4.9) 



where c nj ; and d n i account for numerical coefficients and combinatorial factors. Since the theory is non-renormalizable, 
the perturbative expansion creates terms which do not have the same background dependence of the original potential. 
Up to numerical factors, the contributions turn out to be of the fornj^] 



\ l+ iM P 



[4^(l-0 2 ] i+ ^ 



+ fi, 



u l n v? m cosh 1 [2nacj)/Mp] smh J [2ma(j>/Mp} , 



(4.10) 



where fij denotes the (finite) integration constant, and g(\/e) is a function of the divergent terms. Note that if we 
set /3 = 0, we make sure that terms which contribute to the cosmological constant (2.6) will not be generated by the 
loop expansion. 

By inspection of the structure of divergences, we can see that the leading corrections are those appearing with the 
lowest power in <;. To gain insight on their contribution, we calculate the finite part of Eq. (4.10) for the maximal 
value of the hyperbolic functions. This corresponds to 4> max — <f>o = Mp /a tanh^ 1 — q\ . We get 



fi j Y K U L cosh ' [2na<f)/M P ] sinh j [2ma^/M f 



A^ 
4^ 



i+j 



(4.11) 



To maintain the expressions as compact as possible we decided not to express the result in terms of mjj/Mp. 
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FIG. 4. Characteristic diagrams produced by the non-canonical kinetic term of the dilaton field r. Solid and dashed lines repre- 
sent the Higgs and dilaton fields respectively. The first one-loop diagram presented in (a) vanishes in dimensional regularization 
due to the massless character of the dilaton field. On the other hand, the second diagram gives rise to higher derivative terms 
of the Higgs field. In (b) we consider two and three loop diagrams which, apart from generating higher dimensional operators, 
contribute to the effective potential once we amputate them. 



which makes the corrections coming from the order i + j + 1 negligible compared to the ones from i + j order. In the 



last step we have simply set c = 1, a = q, which, given the small value of the parameter a appearing in Eq. (4.8 1, 
constitutes a very good approximation. 

As we mentioned earlier, potential-type corrections to the Higgs field are also generated from diagrams associated 
to the kinetic term of the dilaton r, starting from two loops. This happens because the first order vacuum diagrams 
with dilaton running in the loop, vanish. If we consider higher loop diagrams, like those in Fig. |4(b)| but without 
momenta in the external legs, we see that even though the background dependence of the corrections is complicated 
due to the non-canonically normalized dilaton that runs inside the loops, their contributions to the effective action 
are of the same order as those in Eq. (4.11 ). 



We now turn to the kinetic-type corrections to the Higgs field. By that we mean corrections to the propagator, as 
well as terms with more derivatives of the field suppressed by the scalar cut-off. The first type of contributions come 
only from the scale-invariant part of the potential given by (4.6) , when the momenta associated to the external legs 
are considered. It is not difficult to show that these are precisely of the same form as those in (4.10|. The second 
type of contributions, i.e. the higher dimensional operators, are generated both from the Higgs potential at higher 
loops, as well as from the non-vanishing diagrams associated to the non-canonical kinetic term of the dilaton. The 
terms we get are proportional to 



(4.12) 



and they can be safely neglected for the typical momenta involved in the different epochs of the evolution of the 
Universe. 

Before moving on, we would like to comment on the appearance of mixing terms with derivatives of the fields. These 
manifest themselves when we consider diagrams with both fields in the external legs. They are higher dimensional 
operators, and it can be shown that they appear suppressed by the scalar cut-off of the theory, as before. 

Since the kinetic-type operators do not modify the dynamics, we will consider only potential-type corrections to 
estimate the change in the tree-level predictions of the model. At one-loop, the contribution of the scalar sector to 
the inflationary potential becomes [50] 



ACT 



Uo 



Xa 4 



HD 



1 



/2,0 



^ 1 + cosh[4a0/M P ] | Q ^ 



64tt 2 ^(i-0 2 \e 

where we just kept the leading contribution in q. The finite part $2,0 m the previous expression is given by 



(4.13) 



3 . 
2 -log 


'-U"{4>)~ 


3 , 




m 2 





«2(i-0V 



Scosh[2a<j>/Mp] + 0(q 2 



(4.14) 



If we adopt the MS scheme, the remaining (logarithmic) corrections will be suppressed by an overall factor O(10 15 ) 
(apart from different powers of c) with respect to the tree-level potential (4.6). The quantum contribution of the 
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scalar sector to the effective inflationary potential is therefore completely negligible and rather insensitive to the 
particular choice of the renormalization point fi. This allows us to approximate the value of <fi at the end of inflation 
by its classical value cj)f ~ M P /a tanh -1 [a/1 — <;cos(2 x 3 1 / 4 v /£^)] , and compute analytically the spectral tilt n s of 
primordial scalar perturbations, which turns out to be 



96tt 2 £ 2 



n s (k ) - 1 ~ -8£ x + 7^^2/2,0 , for 1 < 4£ X N* « 47V* . (4.15) 



We see therefore that the correction to the tree-level result is controlled by the effective self-coupling of the Higgs 
field in the Einstein frame A/£?. The small value of this parameter makes the scalar radiative contribution completely 



negligible and thus hardly modify the consistency relation (2.30). Note however that there might be still a significant 



contribution to the inflationary potential coming from the SM particles, especially from those with a large coupling 
to the Higgs field. The study of this effect is the purpose of the next section. 



B. Chiral SM contribution to the effective inflationary potential. 



The action for the SM fields during the inflationary stage is similar to that appearing in Higgs inflation [TO] and 
takes the form of a chiral SM with a nearly decoupled Higgs field. Its contribution to the effective potential can be 
analyzed by the methods presented in Ref. [10] . The one-loop contribution during inflation readsj^] 



AUi 



64tt 2 



log 



2>m% I , m 
z 1 log 



64tt 2 



/i 



3m 4 
16tt 2 



rnf 



log , 



(4.16) 



where 



w ' 



and m 2 stand for the effective W, Z and top quark masses in the frame where the computation is 



performed. Whatever this frame is chosen to be, let us transform it into the Einstein-frame, where the inflationary 
observables can be computed using the standard techniques. The conformal transformation AUi = At/i/fi 4 acts 



only on the coefficients of the logarithmic terms in (4.16), leaving their arguments completely unchanged. We obtain 
therefore 



AC/i 



64tt 2 



log 



'w 



I* 1 



Zfn z ( m| 



6 



3m| 
16^ 



log 



M 2 



(4.17) 



where the Einstein- frame masses rh 2 are proportional to the effective vacuum expectation value of the Higgs field in 
the Einstein frarn 



v 2 {<t>) 



Z* 2 

n 2 



M 2 



1 — <; cosh^ 



a<p 

Mr, 



(4.18) 



which is a slowly varying function during inflation. This fact allow us to completely factor out the (f> dependence in 
front of the logarithms in Eq. (4.17) and perform the analysis below as if v was a constant, v ~ Mp/y^. 



Note that the explicit dependence on the 't Hooft-Veltman normalization point \x in Eq. (4.16) is specious and will 



be immediately compensated by the running of the coupling constants. The renormalization procedure effectively 
replaces the tree level potential by 



(4.19) 



The induced /x dependence of the effective Higgs vacuum expectation value in the previous expression is known from 
the analysis of the chiral SM [TD1IT7] 



16n 2 a—v 2 

Ofl 



3ff 2 - 6y t 2 



(4.20) 



and can be transferred into the RG running of the non- minimal coupling of the Higgs field to gravit^p*] 6t(/i). A 
similar RG equation for A(/i) can be obtained by requiring the full inflationary potential to be /x independent (for 



We neglect the contribution | |4.13| associated to the scalar sector, which, as shown in the previous section, turns out to be very small. 
In particular we have rhyy(<f>) = rh 2 z (<f>) cos 2 8 W = g 2 /2 ■ v 2 (<fr) and rh 2 (4>) = /2 • v 2 (</>). 

We safely neglect the running of the non-minimal coupling £ x , which, given its tiny value and the fact that the dilaton is only weakly 
coupled to matter, is expected to be very small. 
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details cf. Ref. [10 j). Once the RG running of the couplings is known, one can choose the value of \i in such a way that 
the logarithmic contribution, for each given value <f> of the Higgs field, is minimized. In that case, the RG enhanced 
(RGE) inflationary potential becomes 



^)= T.,,2 ^ (l-.cosh^) , (4.21) 



4 e!(M(0))(W) 2 V M i 

which in fact suffices for any practical purposes, without the need of the 1-loop effective potential. 

Note that the choice of the optimal value of fi is however a non-trivial task. All the relevant information about the 



initial frame in which the theory was quantized is encoded in the logarithmic terms in Eq. (4.17). Different conformally 
related frames give rise to different particle masses, which leads to an ambiguity in the choice of the normalization point 
fj, needed to minimize the logarithms in the higher-loop corrections. This is a fundamental problem in the quantization 
of any scalar-tensor theory that cannot be solved without the knowledge of the UV completion at the Planck scale. 
In the language of the scale-invariant subtraction procedure described in Ref. [35] (cf. also the beginning of Section 



IV) this ambiguity is encoded in the particular choice of the function F(x, h), which replaces the normalization point 



H in Eq. (4.17). In what follows we will consider two "natural" choices, which closely correspond to those used in 



Refs. [71 110] . Let us formulate them in the Jordan frame. The first choice is the "scale invariant" prescription 

t4 = ^xX 2 +^hh 2 ), (4.22) 

where the parameter /t enables the use of RG methods for the improvement of the calculations at arbitrary energies^] 
The RG enhancement of the potential in this case dictates 

V 2 M 2 h 2 «. 2 

AiO) = 2T7 h 2 = T V W > ( 4 - 23 ) 

which is nothing else than the effective top mass in the Einstein frame. This corresponds to the prescription I in 
Ref. [IUJ. With this choice, the change in the shape of the potential is very small, given the insignificant variation 
of v 2 (4>) during inflation. The change in the inflationary observables n s and r is therefore expected to be completely 
negligible. A second possibility is to choose the scale invariant direction along the dilaton field x 

u 2 

.2 _ A* t ,2 



The optimal choice of fi in this prescription is 

AiiW = = fv%", \ - . ,4.2.-,) 



y 2 Mpl_ = yj_ 

txX 2 2 ' v "\sinh 2 (a^/Mp) 



which, at the end of inflation, coincides with the effective top mass in the Jordan frame. This corresponds to the 
prescription II in Ref. [TU]. Note that contrary to the previous case, this choice strongly depends on the value of the 
4> field and noticeable contributions to the inflationary parameters are expected. 

The calculation proceeds now along the same lines as those in Ref. [10] , using the tree level RG enhanced potential 
and the one loop correction. The addition of the two loop effective potential does not significantly modify the result. 
The numerical outcome for the two prescriptions is shown in Fig. [5] As expected, the inflationary observables computed 
with the first prescription coincide with the tree level result. The only effect of the quantum corrections is setting a 
minimal value for the Higgs mass. This turns out to be m# > m m i n , with m m i n ~ 129.5 ± 5 GeV (for details on the 
latest calculations of this value see Ref. [5TJ[52]). After the end of inflation and preheating, the system is outside the 
scale-invariant region and the fields settle down to the minimum of the potential. From the expansion of the potential 



(2.27) around the background, it is clear that all the contributions to the effective action will be again suppressed by 
powers of the exponent e~ 7r / Mp , in addition to powers of Mp, not affecting therefore the predictions of the model 



concerning the DE equation of state (2.29). Taking into account the above results, we conclude that the quantum 



corrections computed with the prescription I do not modify the classical consistency relation (2.30) characterizing 
Higgs-Dilaton cosmology. On the other hand, the inflationary observables computed using the prescription II clearly 
differ from the tree level result, especially for Higgs masses close to the critical value m min at large £ x . Note that in 
this prescription, the recent observation of a light Higgs- like state [53] [53] , together with the present bounds on the 
spectral tilt n s [55], further restrain the allowed £ x interval. 



The constants still run with typical euclidean momenta in the amplitudes. 
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0.000 0.002 0.004 0.006 0.008 0.010 




0.000 0.002 0.004 0.006 0.008 0.010 



Prescription I 


— — Prescription II: m min + 1 GeV 




Prescription II: m min + 1.42 GeV 




— — Prescription II: m m ; n + 2.8 GeV 




Prescription II: + 8 GeV 



FIG. 5. The spectral index n a (top) and tensor to scalar ration r (bottom) as a function of the non-minimal coupling £ x . The 
solid line corresponds to the quantization prescription I, which coincides with the tree level result. Dashed lines stand for the 
quantization choice II for different Higgs masses. The minimal Higgs boson mass m m i n can be obtained from Ref. [51] . 



V. CONCLUSIONS 

The purpose of this paper was to study the self-consistency of the Higgs-Dilaton cosmological model. We determined 
the field-dependent UV cut-offs and studied their evolution in the different epochs throughout the history of the 
Universe. We showed that the cut-off value is higher than the relevant energy scales in the different periods, making 
the model a viable effective field theory describing inflation, reheating, and late-time acceleration of the Universe. 
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Since the theory is non-renormalizable, the loop expansion creates an infinite number of divergences, something 
that may challenge the classical predictions of the Higgs-Dilaton model. We argued that this is not the case if the 
UV-completion of the theory respects scale-invariance and the approximate shift symmetry for the dilaton field. 

We computed within this framework the effective inflationary potential in the one-loop approximation and concluded 
that the dominant contribution comes from the chiral SM sector of the theory. We used two different regularizations 
prescriptions consistent with the symmetries of the model. In the "Si-prescription" of Ref. [35] , with a field-dependent 
normalization point proportional to the effective Planck scale in the Jordan frame, the effective potential turns out 
to coincide with the tree level one. This leaves practically intact the consistency relation (2.30) which connects the 
inflationary spectral tilt to the deviation of the DE equation of state from a cosmological constant. This relation is 
however modified if the normalization point is chosen only along the dilaton's direction, especially for Higgs masses 
near the critical value m m i„ ~ 129.5 ± 5 GeV, which is amazingly close to the mass of the recently observed Higgs-like 
particle at the LHC [531 [M]. I n the lack of a Planck scale UV completion, the proper choice of the normalization 
point fi can only be elucidated by improving the precision of the cosmological and particle physics observablcs. 
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Appendix A 



In this appendix we gather the Feynman rules as well as the expressions for the coefficients appearing in the one-loop 
diagrams in Section IV A We denote with a dashed (solid) line the dilaton (Higgs) and perform the calculations in 
dimensional regularization in D — 4 — 2e dimensions. After expanding the fields around their background values and 
normalizing the kinetic term for the dilaton, we find the following Feynman rules stemming from its kinetic term 



\ 



Mr 



tanh 



a</> 



Mf 




2Mp 



1 + tanh 2 



a<fi 



Mf 



Using the above expression, we can calculate the coefficients appearing in the different diagrams. Let us start by 
considering the simplest diagram d\ . We obtain 



.0. 



with l/e = l/e — 7 + log 47r, and 



4m = 



64tt 2 





' a6 ' 




^1 + tanh 2 


) 




M P _ 





/ = -log 
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Let us move to the more complicated diagram d.2- We find 

'1 



4m 



Or) 2 , 



where 



16tt 2 



tanh 



•H 



and d = 



(A2) 
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Note that in this particular diagram, the coefficient d is coincidentally zero. As we argued in Section IV A this kind 
of terms are expected to appear by simple power-counting arguments in higher-loop diagrams. We see that in both 
diagrams, for the maximal value of the hyperbolic tangent, the corrections are suppressed by loop factors as well as 
powers of Mp. 
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